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Radiation damage to biological samples is currently
one of the major limiting factors in macromolecular
X-ray crystallography, since it severely and irrevers-
ibly affects the quality of the data that can be obtained
fromadiffraction experiment. However, radiation dam-
age can effectively be reduced by utilizing the electron
and radical scavenging potential of certain small-mol-
ecule compounds. We propose an approach to protect
macromolecular crystals prior to data collection by
quick soaking with scavengers. This, in favorable
cases, can more than double crystal lifetime in the
X-ray beam. The approach has the potential to yield dif-
fraction data of superior quality and hence to increase
the amount of high-quality diffraction data and of
structural information attainable from a single crystal.
Introduction
Much of the currently available structural information on
biological macromolecules has been obtained by bom-
barding the fragile macromolecule crystals with high-in-
tensity X-rays in the energy range of typically 8–14 keV in
order to produce X-ray diffraction patterns that can then
be interpreted by using crystallographic methods. Inher-
ent in such an experiment is the direct consequence of
energy deposition in the sample, since, for typically
used X-rays, the crystal absorbs about ten photons for
each photon that is diffracted elastically. A cascade of
ionization events and formation of radical species even-
tually damages the sample to an extent that limits the
structural information that can be obtained from one
crystal, both qualitatively and quantitatively. The advent
of cryocrystallographic techniques in the early 1990s
has alleviated this problem: crystals cooled to about
100 K exhibited a much longer lifetime in the beam
than crystals at ambient temperature (see the review
by Garman and Schneider [1997]). However, with the
use of the highly intense wiggler and undulator beam-
lines at third-generation synchrotron radiation sources
such as ESRF, APS, or SPring-8 from the late 1990s,
radiation damage has again become a problem. Even
more so, radiation damage is now often the limiting fac-
tor for the overall success of structure determination
and is thought to be the underlying cause of most un-
successful multiple anomalous dispersion (MAD) exper-
*Correspondence: andrea.schmidt@embl-hamburg.deiments (Murray and Garman, 2002), which require sev-
eral data sets of high quality and isomorphism.
Radiation damage effects in crystals can be of general
and/or specific nature. General damage manifests itself
in the reduction of the overall scattering power of a crys-
tal and can be monitored by following the increase in
mosaicity, merging R factor, the Wilson B factor, and
various other overall metrics (Murray and Garman,
2002). Specific radiation damage such as the breaking
of disulfide bonds and the loss of carboxylate groups
(Weik et al., 2000) is not as straightforward to detect.
For that, other, more sensitive metrics need to be de-
signed. As a quantitative monitor for radiation damage,
Sliz et al. (2003) introduced the calculation of a merging
R factor between the reflections occurring on the first
image of a data set and those on subsequent images.
Recently, Diederichs (2006) generalized the Sliz ap-
proach as the pairwise decay R factor (Rd) between
identical and symmetry-related reflections as a function
of image distance (the difference in frame number be-
tween the images on which the two compared reflec-
tions occur) (Diederichs, 2006). An increase of Rd as a
function of image distance indicates structural changes
occurring inside the crystal during data collection,
making it a useful global indicator for radiation damage
at the data processing stage.
While the effects of radiation damage on the protein
structure can sometimes be successfully exploited for
structure solution, as demonstrated by Ravelli and
McSweeney (2000), or for the triggering of catalytic reac-
tions (Berglund et al., 2002), in most cases it is essential
to eliminate or correct for the effects of degradation in
the diffraction data. Diederichs and coworkers pro-
posed the ‘‘zero dose extrapolation’’ method (Dieder-
ichs et al., 2003), which is based on the observation
that the intensity of single reflections changes as the
data collection progresses (Blake and Phillips, 1962).
Given a sufficient number of observations, the intensity
of a reflection can be extrapolated to the time point of
the data collection where no damage should have oc-
curred. Over the last few years, a number of approaches
have also been tried in order to reduce the radiation
damage to the crystal and to extend crystal lifetime in
the X-ray beam (Murray and Garman, 2002; O’Neill
et al., 2002). These include the choice of wavelength of
data collection (Mu¨ller et al., 2002) and cooling down
the crystal to temperatures even lower than 100 K
(Hanson et al., 2002). Furthermore, the introduction of
potential electron and radical scavenging molecules
has been mentioned in the literature (e.g., Blundell and
Johnson, 1976), but very few compounds have been
tested experimentally. The use of the small, aromatic
molecule styrene as a scavenger was reported more
than 30 years ago (Zaloga and Sarma, 1974; Sarma
and Zaloga, 1975), and encouraging results have been
recently achieved with ascorbic acid as a cocrystallizing
agent by Murray and Garman (2002).
Here, we build up on the original ideas of Murray and
Garman and present compounds that have the neces-
sary chemical properties for acting as scavengers and
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1100Table 1. Data Collection and Refinement Statistics for Lysozyme
Native Nicotinic Acid Oxidized Glutathione DTNB
set1 set5 set1 set5 set1 set5 set1 set5

















a (A˚) 77.97 78.01 76.82 76.85 78.00 78.04 77.89 77.88
b (A˚) 77.97 78.01 76.82 76.85 78.00 78.04 77.89 77.88
c (A˚) 36.73 36.75 37.47 37.48 36.78 36.79 37.04 37.04
Mosaicity (º) 0.30 0.29 0.51 0.50 0.36 0.36 0.35 0.35
Total number
of reflections
620,991 622,704 569,920 576,346 630,886 632,328 637,844 637,732
Redundancy 28.3 28.3 26.3 26.6 28.8 28.7 28.8 28.8
Completeness (%) 99.9 (99.4) 99.9 (99.8) 100 (100) 100 (100) 99.9 (100) 99.9 (100) 100 (100) 100 (100)
I/s(I) 85.7 (17.9) 84.4 (15.7) 71.0 (8.1) 71.9 (7.2) 86.0 (18.0) 86.1 (15.7) 74.2 (7.5) 73.8 (6.8)
Rmerge (%) 3.8 (20.3) 3.8 (23.7) 4.5 (24.0) 4.4 (24.6) 4.1 (22.9) 4.0 (25.4) 5.3 (43.6) 5.1 (48.7)
Rr.i.m. (%) 3.9 (20.7) 3.9 (24.2) 4.6 (24.5) 4.5 (25.1) 4.1 (23.3) 4.1 (25.9) 5.3 (35.5) 5.2 (38.8)
Rp.i.m. (%) 0.7 (4.0) 0.7 (4.7) 0.9 (4.7) 0.9 (4.8) 0.8 (4.4) 0.8 (4.9) 1.0 (9.0) 1.0 (10.1)
Optical resolution (A˚) 1.20 1.23 1.31 1.31 1.22 1.23 1.29 1.30
Wilson B factor (A˚2) 13.9 14.6 19.4 19.9 14.4 15.2 17.1 17.7
Rcryst (%) 17.8 18.8 21.4 20.9 19.9 19.9 19.6 20.6
Rfree (%) 20.3 20.2 25.3 24.5 22.0 22.0 21.9 22.6
Average B factor (A˚2) 14.9 15.3 18.5 19.5 16.3 16.2 17.0 16.8
Rmsd bond lengths (A˚) 0.008 0.008 0.010 0.010 0.009 0.009 0.010 0.010
Rmsd bond angles (º) 1.3 1.2 1.3 1.3 1.2 1.2 1.2 1.3
For each crystal, the statistics are given for the first and the fifth sets of 360 images. Numbers in parentheses refer to the highest-resolution shell.
Rr.i.m.: redundancy-independent merging R; Rp.i.m.: precision-indicating merging R. The optical resolution (as defined by SFCHECK [Vaguine
et al., 1999; CCP4, 1994]) is the width of the origin peak of the Patterson synthesis and describes how close two electron density features
can be in space to be resolvable.that could be easily used both for cocrystallization and
soaking, including quick-soaking (i.e., less than 30 s) ex-
periments. The main aim is to reduce radiation damage
to the macromolecular sample and to enhance both the
success rate of structure determination and the quality
of the resulting macromolecular models. From the vast
number of potential substances, three different electron
and radical scavenging molecules (nicotinic acid, 5,50-
dithio-bis-2-nitrobenzoic acid [DTNB], and oxidized glu-
tathione) were chosen on the basis of their molecule size
(less than 600 g/mol), chemical properties (presence of
aromatic systems or disulphide bonds), and high solu-
bility in aqueous solutions. These three compounds
have been tested on three different protein systems.
The method involves quick soaking of the crystals in
the scavenger solution prior to their flash cooling for
data collection. The scavenger quick-soaking approach
has shown strong potential for yielding more structural
information from a single protein crystal by slowing
down its decay. We observed that, in most cases, the
lifetime of the crystals in the X-ray beam could be pro-
longed and the diffraction data quality upheld over the
time of data collection. Hence, structure determination
(especially substructure solution from anomalous differ-
ences) may become easier and the refined models more
accurate.
Results and Discussion
Quality of Diffraction Data and Refined Structures
The relevant data collection and refinement statistics of
the data sets analyzed in this study are presented in
Tables 1–3. All data sets are of high quality, and it is
evident from the merging statistics that no significant
harm has been done to the crystals by applying thequick-soaking method. In order to analyze the build-up
of radiation damage, a number of successive data sets
have been collected from each single crystal, and they
were then compared. The experiments were purposely
carried out on EMBL-Hamburg beamlines at the DORIS
storage ring with moderate beam intensity in order to
thoroughly monitor radiation damage induced slowly
over time. The total dose to which the crystals were
exposed was of the order of 4.5 * 106 Gy, corresponding
to about 20% of the ‘‘Henderson limit’’ (Henderson,
1990). The merging statistics between the first and last
data sets of each series indicates that the extent to
which the crystals were damaged by radiation is rela-
tively small. The crystals from each protein were of com-
parable size, and for each of them, the full data set series
was collected by using the same setup. This ensured
that within one protein system the deposited dose in
the crystals was always the same. The respective struc-
tures were refined against the first data set of a given
series. There is no significant difference in refinement
statistics for each structure of each series. The high
accuracy of the refined structures allowed even weak
features arising from radiation damage effects to be
revealed in the difference electron density maps.
Quantitative Visualization of Radiation Damage
in the Diffraction Data
The evolution of a pairwise R factor (Rd) as a function of
the distance in frame number was used to monitor radi-
ation damage. Figure 1A shows an example plot of the
raw data and the corresponding linear fit for a native
crystal in red and one soaked crystal in blue. Figures 1B–
1D show the linear fit to the normalized Rd values for
each of the 12 data set series. A straight line proved to
be a good approximation to the observed dependences
Radiation Damage Protection
1101Table 2. Data Collection and Refinement Statistics for Thaumatin
Native Nicotinic Acid Oxidized Glutathione DTNB
set1 set5 set1 set5 set1 set5 set1 set5

















a (A˚) 57.41 57.51 57.97 57.99 57.62 57.67 58.03 58.07
b (A˚) 57.41 57.51 57.97 57.99 57.62 57.67 58.03 58.07
c (A˚) 149.97 150.14 150.15 150.22 150.03 150.15 150.30 150.40
Mosaicity (º) 0.31 0.48 0.65 0.63 0.41 0.48 0.76 0.75
Total number
of reflections
579,933 561,800 561,670 559,615 525,396 505,321 561,511 561,180
Redundancy 14.2 13.7 13.7 13.6 12.9 12.5 13.7 13.7
Completeness (%) 99.9 (100) 99.9 (100) 99.8 (100) 99.8 (100) 99.6 (99.0) 98.7 (96.7) 99.9 (100) 99.9 (100)
I/s(I) 57.1 (14.6) 53.8 (9.3) 49.2 (8.8) 44.0 (8.0) 45.5 (15.1) 42.9 (12.5) 38.5 (4.5) 38.2 (4.1)
Rmerge (%) 4.8 (19.1) 4.7 (31.2) 5.0 (33.2) 5.2 (36.5) 5.6 (17.0) 6.3 (21.0) 6.3 (65.6) 6.6 (74.0)
Rr.i.m. (%) 5.0 (19.8) 4.9 (32.4) 5.2 (34.5) 5.4 (37.9) 5.8 (17.7) 6.6 (21.9) 6.6 (68.2) 6.8 (76.8)
Rp.i.m. (%) 1.3 (5.2) 1.3 (8.7) 1.4 (9.2) 1.5 (10.1) 1.6 (4.9) 1.8 (6.0) 1.8 (18.3) 1.9 (20.6)
Optical resolution (A˚) 1.26 1.29 1.31 1.32 1.27 1.29 1.34 1.35
Wilson B factor (A˚2) 14.5 16.6 17.4 18.2 15.8 16.9 20.0 20.2
Rcryst (%) 17.0 18.7 20.2 20.2 18.9 18.9 19.9 19.8
Rfree (%) 19.7 20.9 22.6 23.3 21.1 21.2 21.0 21.4
Average B factor (A˚2) 16.3 17.7 19.1 19.9 15.9 17.1 21.9 22.3
Rmsd bond lengths (A˚) 0.005 0.009 0.008 0.009 0.008 0.008 0.008 0.009
Rmsd bond angles (º) 1.1 1.2 1.2 1.2 1.2 1.2 1.2 1.2
For each crystal, the statistics are given for the first and the fifth sets of 360 images. Numbers in parentheses refer to the highest-resolution shell.
Rr.i.m.: redundancy-independent merging R; Rp.i.m.: precision-indicating merging R. The optical resolution (as defined by SFCHECK [Vaguine
et al., 1999; CCP4, 1994]) is the width of the origin peak of the Patterson synthesis and describes how close two electron density features
can be in space to be resolvable.with a correlation coefficient ranging from 0.82 to 0.98.
The slope of the straight line serves as a quantitative de-
scriptor for the extent of radiation damage. Taking the
native data set as a reference for each of the protein sys-
tems, significantly less damage occurs in the crystals
soaked with scavengers prior to data collection.Manifestation of Radiation Damage
in the Protein Structures
Qualitatively, the radiation damage in the structures can
be assessed by comparison of the highest positive and
negative peaks in the difference electron density maps
between the last and the first data set of a given seriesTable 3. Data Collection and Refinement Statistics for Porcine Pancreatic Elastase
Native Nicotinic Acid Oxidized Glutathione DTNB
set1 set5 set1 set5 set1 set5 set1 set5

















a (A˚) 50.48 50.50 50.04 50.06 50.40 50.42 50.67 50.68
b (A˚) 58.02 58.03 57.61 57.62 58.01 58.02 58.07 58.07
c (A˚) 74.49 74.49 74.40 74.42 74.51 74.53 74.90 74.90
Mosaicity (º) 0.62 0.69 0.48 0.48 0.84 0.83 0.32 0.32
Total number
of reflections
467,676 468,435 462,745 457,332 414,830 4,433,491 385,999 386,119
Redundancy 14.4 14.4 14.5 14.3 14.5 14.3 14.5 14.5
Completeness (%) 99.7 (100) 99.5 (100) 99.9 (98.9) 99.9 (99.5) 100.0 (100) 100.0 (100) 99.9 (100) 99.5 (100)
I/s(I) 47.4 (5.5) 47.3 (4.4) 74.9 (21.8) 72.5 (18.3) 58.9 (11.5) 39.8 (4.0) 50.3 (7.5) 49.5 (7.1)
Rmerge (%) 6.2 (32.2) 6.1 (36.5) 3.6 (16.9) 3.9 (20.5) 4.8 (24.2) 7.7 (66.1) 6.2 (41.6) 6.1 (43.5)
Rr.i.m. (%) 6.4 (29.2) 6.3 (34.3) 3.8 (17.6) 4.0 (21.2) 4.9 (25.1) 8.0 (68.6) 6.5 (43.1) 6.3 (45.1)
Rp.i.m. (%) 1.7 (7.7) 1.7 (9.0) 1.0 (4.6) 1.1 (5.6) 1.3 (6.6) 2.1 (18.1) 1.7 (11.2) 1.7 (11.7)
Optical resolution (A˚) 1.35 1.37 1.29 1.30 1.30 1.31 1.33 1.33
Wilson B factor (A˚2) 20.3 21.9 16.5 17.3 15.3 15.9 17.8 18.1
Rcryst (%) 16.9 17.9 18.0 18.1 18.1 18.2 18.2 18.2
Rfree (%) 19.9 19.6 19.3 19.3 20.1 20.5 20.3 20.2
Average B factor (A˚2) 21.0 22.7 17.9 17.9 14.7 15.4 18.8 19.2
Rmsd bond lengths (A˚) 0.008 0.009 0.010 0.010 0.008 0.009 0.010 0.010
Rmsd bond angles (º) 1.1 1.2 1.2 1.3 1.2 1.2 1.2 1.3
For each crystal, the statistics are given for the first and the fifth sets of 360 images. Numbers in parentheses refer to the highest-resolution shell.
Rr.i.m.: redundancy-independent merging R; Rp.i.m.: precision-indicating merging R. The optical resolution (as defined by SFCHECK [Vaguine
et al., 1999; CCP4, 1994]) is the width of the origin peak of the Patterson synthesis and describes how close two electron density features
can be in space to be resolvable.
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1102Figure 1. Rd Plots for the Data Sets from
Each Protein System
(A) Raw Rd values (Diederichs, 2006) as
a function of the distance in frame number
for the thaumatin native (in red) and nicotinic
acid-soaked (in blue) data. The linear fit to the
data is also shown.
(B–D) Linearly approximated Rnormd values for
three crystal systems: (B) hen egg white lyso-
zyme, (C) thaumatin, and (D) porcine pancre-
atic elastase. The red lines depict data of the
native, unprotected crystal, while the blue,
green, and cyan lines correspond to data col-
lected from crystals soaked in 200 mM solu-
tions of nicotinic acid, oxidized glutathione,
and DTNB, respectively. The slopes of the lin-
ear fit, given in each plot, are multiplied by
a factor of 1000 to make the comparison eas-
ier, and they indicate the extent of radiation
damage to the data: the larger the slope, the
larger the damage. The total rotation range
covered is 1800º for lysozyme and porcine
pancreatic elastase and 900º for thaumatin.(Figure 2). Soaking with scavenging molecules prior to
data collection generally led to a reduction of strong fea-
tures in such a difference map. In all cases, this agreed
with the decrease of the slopes in the Rd plots. The spe-
cific observations made on the three proteins and the
effects of each of the tested scavengers are presented
in the following sections.
Hen Egg-White Lysozyme
The comparison of the plots (Figure 1B) shows a similar
level of damage in the native data and in the data col-
lected on the glutathione-soaked crystal. However, in
this particular experiment, nicotinic acid and DTNB
show considerable potential as scavengers. According
to the Rd values, the level of radiation damage reached
after five data sets of 360º in the presence of nicotinic
acid or DTNB corresponded to the damage level after
only one data set of 360º for the native and glutathi-
one-soaked crystals, thus indicating an up to five times
longer lifetime for those crystals.
The analysis of the positive and negative difference
peaks in the (Fo,end 2 Fo,start, acalc,start) maps (Figures
2A–2D) was in agreement with the slopes calculated
from the Rd plots. HEWL contains four disulfide bridges,
with Cys76-Cys94 being the one most sensitive to radi-
ation (Weik et al., 2000; Murray and Garman, 2002). In the
native, i.e., unprotected, data, all four disulfide groups
were damaged, and the ablation of the carboxylic
groups of Asp52, Glu7, and the amide and amine groups
of Gln41 and Lys13 was observed. Whereas the damage
to the disulphide bridges Cys6-Cys127, Cys30-Cys115,
and Cys64-Cys80 could be reduced to some extent by
the scavengers, Cys76-Cys94 appeared to be damaged
already after the first data set of 360º, even in the
presence of scavengers (data not shown). Comparing
the protection by nicotinic acid and DTNB, we observed
that all disulfide bridges, but none of the other sites,
were damaged in the structure with DNTB, whereas
the disulfide bridge Cys64-Cys80 was protected in
the structure with nicotinic acid, but the carboxylic
group of Asp52 was not. Apparently these two com-
pounds, while effectively reducing the overall radiationdamage effects in a similar manner, function by entirely
different mechanisms and show a selective mode of
protection of chemical groups in the protein. No tightly
bound scavenger molecule was found in the refined
structures.
Thaumatin
In this particular case, almost the same positive effect of
all scavengers on the reduction of radiation damage was
observed (Figure 1C). The native data are severely
affected, as reflected by the high slope value from the
Rd plot. By examining the maps (Figures 2E–2H), it
became clear that the reduction of the damage is sub-
stantial with all scavengers. The DTNB map is the one
showing the least differences, confirming the high pro-
tective potential of this molecule. In addition to the eight
disulfide bridges, many other sites are affected as well
and show damage in all structures. However, only the
native unprotected structure has all of the following sites
damaged: Asp70, Lys67, Asp147, Thr160, Arg125,
Glu168, and Glu156. Moreover, in this native structure,
a tartrate molecule from the crystallization buffer was
also damaged, and two peaks in the difference maps
were observed on carbonyl groups of the main chains
of Cys71 and Cys159, indicating the beginning of the
breakdown of the main chain and hence the most severe
observed damage in our three model systems.
Porcine Pancreatic Elastase
As observed for HEWL, glutathione is not able to protect
porcine pancreatic elastase (PPE) crystals (Figures 2I–
2L). On the contrary, the data collected in the presence
of glutathione were even more affected by the radiation
effects than the native data. In the corresponding struc-
tures, the sites affected most by the damage were all
four disulfide bridges as well as Asp154, Glu6, Asp178,
Asp87, Glu185, Thr33, and Met41 (Figure 2I).
In our experiment, the most sensitive site in the PPE
structure is the disulfide bridge Cys30-Cys46, although
Weiss et al. (2005) had reported that in the structure of
the PPE/Cd2+ complex the disulfide bridge Cys158-
Cys174 was the most susceptible one. According to
Radiation Damage Protection
1103Figure 2. Electron Density Maps Computed with the Coefficients
Fo,end 2 Fo,start and ac,start
(A–L) The qualifier ‘‘start’’ indicates the first data set of 360 im-
ages, and the qualifier ‘‘end’’ indicates the fifth data set of 360
images of each series. Disappearing electron density is repre-
sented in red, and appearing density in shown in green. (A)–(D)
depict the maps for HEWL, (E)–(H) for thaumatin, and (I)–(L) for
PPE. In each of the panels, the unprotected case (left two
panels) is compared with the most efficiently protected case
(right two panels). (A) and (B) present the difference maps super-
imposed with the overall lysozyme native and DTNB-soaked
structures, respectively. (C) and (D) show two close-up views
of the same structures to highlight the specific effects observed.
The close-up regions are indicated by blue rectangles. For easier
visualization, different orientations for the close-up regions were
chosen. The same representations are shown in (E)–(H) and (I)–(L)
for the thaumatin and PPE crystals, respectively; both the thau-the difference maps in the DTNB structure, only the di-
sulphide bridges and Met41, but none of the other resi-
dues, were damaged, whereas in the nicotinic acid
structure, the disulphide bridges and two of the carbox-
ylic groups (Asp154 and Asp178) were destroyed. This
concurs with the observation made for HEWL discussed
above. Also, no tightly bound scavenger molecule was
found in the structure.
Conclusions
A significant reduction of radiation damage in the pres-
ence of particular scavenging molecules was observed
in all three protein systems under investigation. Except
for the lysozyme case, glutathione is the least effective,
whereas both nicotinic acid and DTNB protect the pro-
tein crystals well. The degree of protection was different
for the different scavengers and the different chemical
groups in the proteins. This suggests different protec-
tion mechanisms depending on a number of factors, in-
cluding the chemical properties of the scavenger mole-
cules and their activity to the various radical species
formed upon irradiation. Additional experiments will be
required on more protein systems, as well as the explo-
ration of more soaking conditions, in order to investigate
these specific effects in more depth.
The scavenger quick-soaking method provides an
easy-to-apply approach to combat radiation damage
in macromolecular crystals for a number of proteins.
Consequently, higher quality X-ray data, higher redun-
dancy, and possibly higher resolution data may be ob-
tained from a single crystal. Since for a given scavenger
compound similar effects are observed in three different
proteins, it may be expected that comparable protection
would be achieved for other proteins. Our results
strongly indicate the need to consider the addition of
scavengers, most notably DTNB and nicotinic acid into
the preparation of the crystals for X-ray data collection,
in parallel to the search for suitable cryoconditions.
Experimental Procedures
Crystallization
The proteins used for crystallization were commercially available
and used without further purification. Crystallization experiments
were carried out at 293 K by using the vapor-diffusion hanging-
drop technique. Crystals of hen egg-white lysozyme (HEWL) (Calbio-
chem product no. 4403, lot no. B43266) were grown as described by
Weiss et al. (2000) by mixing equal amounts of protein solution (30
mg/ml in water) and reservoir solution containing 50 mM sodium ac-
etate (pH 4.5) and 5% (w/v) sodium chloride. The tetragonal crystals
(space group P43212) appeared within a few days and exhibited unit
cell parameters of a = 78.7 and c = 37.2 A˚. Porcine pancreatic elas-
tase (PPE) (Serva product no. 20929, lot no. 16461) was crystallized
in the presence of calcium ions as described by Weiss et al., (2002).
A protein solution of 12 mg/ml was mixed with an equal volume of
reservoir solution composed of 0.1 M sodium acetate (pH 5.1),
0.2 M sodium citrate, and 0.04 M calcium chloride. Crystals belong-
ing to space group P212121 with unit cell parameters of a = 49.3,
b = 57.0, and c = 73.3 A˚ appeared within a few days. Thaumatin
(Sigma product no. T-7638, lot no. 108F0299) was crystallized by
mixing equal amounts of protein solution (15 mg/ml in 0.1 M
N-(2-acetamido)iminodiacetic acid [ADA] [pH 6.5]) and reservoir
solution (0.1 M ADA [pH 6.5], 1 M sodium/potassium tartrate) by
matin and PPE crystals are protected with nicotinic acid. The
maps are contoured at the same +5s and 25s levels to ensure
comparability.
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1104following the recipe of Charron et al., (2002). The tetragonal crystals
(space group P41212) grew within a few days. They exhibit cell
parameters of a = 57.3 and c = 148.8 A˚ and diffract to beyond
1.5 A˚ resolution.
Crystal Preparation
Nicotinic acid (Sigma productno.N4126), oxidized glutathione (Sigma
product no. G9027), and 5,50-dithio-bis-2-nitrobenzoic acid (DTNB,
Sigma product no. D8130) were used as purchased without further
purification. Solutions (200 mM) of each compound were freshly
prepared by dissolving the powder in the reservoir solution directly
in thewells of thecrystallization plate.Prior todata collection,a crystal
was then fished from the crystallization drop and immersed quickly
(less than 20 s) in the respective scavenger solution. All crystals
were then cryoprotected by using dry paraffin oil in order to ensure
that the solvent remained unaltered and to ensure that no additional
molecules, e.g., glycerol, were introduced into the system.
Diffraction Data Collection
Diffraction data sets were collected at three different X-ray diffraction
beamlines (X11, X13, and BW7A operating at wavelengths of 0.81 A˚)
at EMBL Hamburg, DESY on a single-axis goniostat with a 165 mm
MAR CCD detector. The relevant data collection details are given in
Tables 1–3. Exposure times were chosen in order to utilize the full dy-
namic range of the detector without allowing too many overloaded
reflections. Varying incident beam intensity was compensated for
by carrying out the data collection in dose mode, with the speed of
rotation of the spindle axis dependent on the incident beam intensity.
For each crystal, 360 images were collected 5 consecutive times.
This corresponds to 53 360º in the HEWL and PPE cases (1º oscilla-
tion width) and 53 180º for thaumatin, for which data were collected
with a 0.5º oscillation width due to the presence of one long cell axis.
The total exposure time (dose) for thaumatin was the same as for the
other proteins. The starting spindle angle for the first data set was
chosen arbitrarily. All data set series (native and three soaked crys-
tals) for each of the proteins were collected from crystals with ap-
proximately the same size and from the same crystallization drop.
In order to be able to compare the different data sets within one se-
ries to each other to the largest extent possible, all data sets from
a given protein were collected on the same beamline, by using the
same wavelength, the same detector, and the same exposure time.
In order to ensure high data redundancy and high quality of the result-
ing maps needed for monitoring the structural changes, a set of 360
images was used as one data set for each protein. A cutoff of 1.4–1.6
A˚ to the maximum diffraction limit was chosen as a compromise
between straightforward, fast data collection and high enough reso-
lution for monitoring structural changes.
Data Processing
Data were indexed and integrated with DENZO and were scaled in
SCALEPACK (Otwinowski and Minor, 1997). The postrefinement
procedure in SCALEPACK was used to refine the cell parameters
and the mosaicity for each data set. The redundancy-independent
merging R factor, Rr.i.m., as well as the precision-indicating merging
R factor, Rp.i.m. (Weiss, 2001), were calculated by using the program
RMERGE.
Analysis of Decay
As an indicator for radiation damage, an Rd plot (Diederichs, 2006)
has been computed for each data set series. Rd is defined as a pair-
wise R factor between identical and symmetry-related reflections
occurring on different diffraction images. A positive slope in the
plot indicates significant radiation damage, and the value of the
slope indicated the extent of damage. For a convenient visual com-
parison, the various plots were shifted to a common y axis intercept
of 1.0 by using a normalized Rd (R
norm
d ) as defined below.




where n is the difference in frame numbers and Rd (1) is the pairwise
R factor for reflections observed on consecutive images within the
data set.Refinement
Structures have been refined to the highest resolution possible
against the first data set of each series by using the program
REFMAC5 (Murshudov et al., 1997). Relevant refinement statistics
are given in Tables 1–3.
Difference Fourier Maps
To investigate the radiation damage at a structural level, difference
electron density maps were calculated with the amplitudes Fo,end2
Fo,start and the phases ac,start; the identifier ‘‘start’’ stands for the first
data set in each series, and the identifier ‘‘end’’ stands for the last
one. The phases ac,start are taken from the model refined against
the first data set in each series. A positive peak in such an electron
density map indicates structural features that are gained upon radi-
ation damage, whereas a negative peak indicates structural features
that are lost upon radiation damage.
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